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AntioxidantUsnic acid (UA) has been associatedwith chronic diseases through its antioxidant action. Itsmain target is the cell
membrane; however, its effect on that of human erythrocytes has been scarcely investigated. To gain insight
into the molecular mechanisms of the interaction between UA and cell membranes human erythrocytes and
molecular models of its membrane have been utilized. Dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylethanolamine (DMPE) were chosen as representative of phospholipid classes located
in the outer and inner monolayers of the erythrocyte membrane, respectively. Results by X-ray diffraction
showed that UA produced structural perturbations on DMPC and DMPE bilayers. DSC studies have indicated
that thermotropic behavior of DMPEwasmost strongly distorted by UA than DMPC, whereas the latter ismainly
affected on the pretransition. Scanning electron (SEM) and defocusing microscopy (DM) showed that UA
induced alterations to erythrocytes from the normal discoid shape to echinocytes. These results imply that UA
molecules were located in the outer monolayer of the erythrocyte membrane. Results of its antioxidant proper-
ties showed that UA neutralized the oxidative capacity of HClO on DMPC and DMPE bilayers; SEM, DM and
hemolysis assays demonstrated the protective effect of UA against the deleterious oxidant effects of HClO upon
human erythrocytes.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Usnic acid (UA) [(R)-1,1′-(1,7,9-trihydroxy-8,9b-dimethyl-3-oxo-
3,9b-dihydrodibenzo[b,d]furan-2,6-diyl)diethanone; C18H16O7, Fig. 1]
is a yellow cortical pigment produced by a series of lichen species. It is
a product of the secondary metabolism of the fungal partner and it
exists in two enantiomers which differ in the orientation of the
angular methyl group located in position 9b (Fig. 1) [1]. Several biolog-
ical properties have been observed from this compound, such as
gastroprotective, cardiovascular, cytoprotective, immunostimulatory,
antimicrobial, anti-inﬂammatory and anticarcinogenic activities [1–5].
Chronic diseases are characterized by an enhanced state of oxidative
stress,which results froman imbalance between the production of reac-
tive species and antioxidant defense activity. UA has been associated
with many chronic diseases mostly due to its antioxidant action in
reducing oxidative damage. A review of the antioxidant potential oflphosphatidylcholine; DMPE,
n microscopy; DM, defocusingUA reported that it promoted the increase of superoxide dismutase
(SOD), glutathione peroxidase (GPx), total glutathione (GSH) and con-
stitutive nitric oxide synthase (cNOS) activities through the reduction
of catalase (CAT), glutathione reductase (GR), lipid peroxidation
(LPO), inducible nitric oxide synthase (iNOS) and myeloperoxidase
(MPx) activities [2].
In the attempt to elucidate the molecular mechanisms of the interac-
tion of UA with cell membranes, human erythrocytes and molecular
models of itsmembranewere used. Human erythrocyteswere chosen be-
cause of their only onemembrane and no internal organelles, which con-
stitute an ideal cell system for studying interactions of chemical
compounds with cell membranes [6]. On the other hand, although less
specialized than many other cell membranes they carry on enough func-
tions in commonwith them such as active and passive transport, and the
production of ionic and electric gradients to be considered representative
of the plasmamembrane in general. Themolecularmodels of the erythro-
cyte membrane consisted in bilayers of dimyristoylphosphatidylcholine
(DMPC) and dimyristoylphosphatidylethanolamine (DMPE), represen-
tative of phospholipid classes located in the outer and innermonolayers
of cell membranes, particularly of the human erythrocyte, respectively
[7,8]. The capacity of UA to perturb the bilayer structures of DMPC and
DMPE was evaluated by X-ray diffraction and differential scanning
Fig. 1. Structural formula of (R) usnic acid (UA).
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scanning electron (SEM) and defocusing microscopy (DM). These sys-
tems and techniques have been used in our laboratories to determine
the interaction with and the membrane-perturbing effects of other
chemical compounds, particularly of native plant extracts [9–12]. The
antioxidant properties of UA were evaluated in the molecular models
of the erythrocyte membrane and human erythrocytes in vitro exposed
to the oxidative stress induced by hypochlorous acid (HClO). HClO is a
powerful natural oxidant that damages bacteria, endothelial cells,
tumor cells and erythrocytes [13–16].
2. Materials and methods
2.1. Chemicals
Synthetic DMPC (lot 140PC-246, MW 677.9), DMPE (lot 140PE-60,
MW 635.9) from Sigma (AL. USA) and usnic acid (R-enantiomer, lot
MKBP1746V, MW 344.32 from Sigma-Aldrich, AL, USA) were used
without further puriﬁcation. Composition of phosphate buffered saline
(PBS) was 150 mM NaCl, 1.9 mM NaH2PO4, 8.1 mM Na2HPO4, pH 7.4.
Concentration of HClO from commercial samples was spectrophoto-
metrically determined at 292 nm (ε= 350 M−1 cm−1) [17].
2.2. X-ray diffraction studies of DMPC and DMPE multilayers
The capacity of UA to perturb the structures of DMPC and DMPE
multilayers was evaluated by X-ray diffraction. About 2 mg of each
phospholipid was introduced into Eppendorf tubes which were then
ﬁlled with 180 L of (a) distilled water (control), and (b) UA aqueous so-
lutions in a range of concentrations (0.5–5.0 mM). The specimens were
shaken, incubated for 15 min at 30 °C and 60 °C with DMPC and DMPE,
respectively and centrifuged for 20min at 2500 rpm. Sampleswere then
transferred to 1.5 mmdiameter special glass capillaries (Glas-Technik &
Konstruktion, Berlin, Germany) and X-ray diffracted utilizingNi-ﬁltered
CuKα radiation from a Bruker Kristalloﬂex 760 (Karlsruhe, Germany) X-
ray system. Specimen-to-ﬁlm distances were 8 and 14 cm, standardized
by sprinkling calcite powder on the capillary surface. The relative reﬂec-
tion intensities were obtained in an MBraun PSD-50M linear position-
sensitive detector system (Garching, Germany); no correction factors
were applied. The experiments were performed at 18 °C ± 1 °C,
which is below the main phase transition temperature of both DMPC
and DMPE. Higher temperatures would have induced transitions onto
ﬂuid phases making the detection of structural changes harder. Each
experiment was performed in triplicate.
2.3. Differential scanning calorimetry (DSC) studies on DMPC and DMPE
liposomes
Appropriate amounts of chloroform solutions of DMPC or DMPE and
UA were gently evaporated to dryness under a stream of gaseousnitrogen until a thin ﬁlm on the wall of the glass test tube was formed.
To remove the remnants of moisture, the samples were subsequently
exposed to vacuum for 1 h and then dry lipid ﬁlms were suspended in
distilled water. The multilamellar liposomes (MLVs) were prepared by
vortexing the samples at the temperature above gel-to-liquid crystalline
phase transition of the pure lipid (about 30 °C for DMPC and 60 °C for
DMPE). DSC experiments were performed using a NANO DSC Series III
System with Platinum Capillary Cell (TA Instruments). The calorimeter
was equipped with the original data acquisition and analysis software.
In order to avoid bubble formation during heating mode the samples
were degassed prior to being loaded by pulling a vacuum of 0.3–
0.5 atm. on the solution for a period of 10–15 min. Then the sample
cell was ﬁlled with about 400 μL of MLV suspension and an equal
volume of bufferwasused as a reference. The cellswere sealed and ther-
mally equilibrated for about 10 min below starting temperature of the
run. All measurements were made on samples under 3-bar pressure.
The data were collected in the range of 0–40 °C (DMPC) and 30–70 °C
(DMPE) at the scan rate 1 °C min−1 both for heating and cooling.
Scans of buffer as a sample and a reference were also performed to
collect the apparatus baseline. For the check of the reproducibility
each sample was prepared and recorded at least three times. Each
data setwas analyzed for thermodynamic parameterswith the software
package supplied by TA Instruments.
2.4. Scanning electron microscopy (SEM) studies on human erythrocytes
In order to perform the assays, three to four blood drops from a
human healthy donor not receiving any pharmacological treatment
were obtained by puncture of a ﬁnger and received in an Eppendorf
tube containing 10 μL of heparin (5000 UI/mL) in 990 μL of phosphate
buffer saline (PBS), pH 7.4. Red blood cell (RBC) suspension was then
centrifuged (1000 rpm×10min), washed three times in PBS, the super-
natant was discarded and replaced by the same volume of PBS. 150 μL
was distributed in several Eppendorf tubes, centrifuged, the superna-
tant was disregarded, and usnic acid in PBS in a range of concentrations
(2.5 μM–10mM)was added to each tube and then incubated at 37 °C for
1 h, period in line with the larger effects induced by compounds on red
cell shape [18,19]. Controls were cells resuspended in PBS without UA.
After the incubation, samples were centrifuged (1000 rpm × 10 min),
the supernatant disregarded, washed three times with PBS, and speci-
mens were then ﬁxed overnight at 4 °C by adding one drop of each
sample to plastic tubes containing 500 μL of 2.5% glutaraldehyde in dis-
tilled water, reaching a ﬁnal ﬁxation concentration of about 2.4%.
Samples were washed trice in distilled water and centrifuged
(1000 rpm × 10 min.); about 40 μL of each sample were placed on sili-
conized Al glass covered stubs, air-dried at room temperature, gold
coated for 3 min at 13.3 Pa in a sputter device (Edwards S 150, Sussex,
England) and examined in a scanning electron microscope (JEOL JSM-
6380LV, Japan). Data were expressed as mean ± standard deviation of
50 cell counts.
2.5. Optical and defocusingmicroscopy (DM) studies of human erythrocytes
Erythrocyte shapeswere visualized and then analyzed through three
dimensional reconstructions using defocusing microscopy (DM). The
experiments were carried out at room temperature (about 18 °C) in
an inverted optical microscope Nikon Eclipse Ti–U (Nikon, Tokyo,
Japan), where the light source is provided by a halogen lamp with a
transmission ﬁlter centered at 650 nm to avoid physical damage on
red blood cells (RBCs). The objective was mounted on a C-focus system
(Mad City Labs, Madison, USA) for a nanometric control of the focal
plane position. The visualization was done with a High Resolution
CMOS Camera, with Monochrome Sensor (Thorlabs, New Jersey, USA).
RBCs were obtained from a healthy donor under no pharmacological
treatment. RBC solution was prepared diluting the washed blood 20
times in a solution of PBS 1× and BSA 1 mg/mL. Usnic acid solution
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out the analysis, RBC diluted solution was placed in a cuvette, and
visualized at the optical microscope. After that, a morphologically
normal erythrocyte was selected and the concentration of usnic acid
was increased. In order to make three-dimensional reconstructions
two images were captured in the defocus positions 0 and +2 μm at
each concentration [20–22].
2.6. Hemolysis assays
Red blood cells (RBCs) were obtained from a healthy consenting
donor. 10 mL of heparinized blood was centrifuged (EYDAM,
Germany) at 2500 rpm for 10 min. After removal of plasma and buffy
coat, the RBCs were washed three times with PBS at room temperature,
and resuspended in PBS three times its volume for subsequent analyses
[23]. RBCs (10% v/v) were incubated in a shaking bath for 15 min at
37 °C in PBS in the presence of increasing concentrations of UA in a
ﬁnal 1.5 mL volume. After cooling, increasing concentrations of HClO
in PBS were added and centrifuged at 2500 rpm for 5 min. Hemolysis
was spectrophotometrically evaluated (Jasco, Japan) at 540 nm as he-
moglobin (Hb) released from cells in the supernatant [24]. Results
were related to control (100% hemolysis induced by 2.5 mM HClO on
RBC).
3. Results
3.1. X-ray diffraction studies of DMPC and DMPE multilayers
Fig. 2A exhibits results obtained by incubatingDMPCwithwater and
UA. As expected, water altered the structure of DMPC as its bilayer re-
peat (phospholipid bilayer width plus the layer of water) increased
from about 55 Å in its dry crystalline form to 65 Å when immersed in
water, and its small-angle reﬂections, which correspond to DMPC
polar terminal groups, were reduced to only the ﬁrst two orders of the
bilayer width [25]. On the other hand, only one strong reﬂection of
4.2 Å showed up in the wide-angle region which corresponds to the av-
erage distance between fully extended acyl chains organized with rota-
tional disorder in hexagonal packing. These results were indicative of
the ﬂuid state reached by DMPC bilayers. Fig. 2A discloses that after
being exposed to increasing UA concentrations there was a gradual
weakening of the small- and wide-angle lipid reﬂection intensitiesFig. 2. X-ray diffraction patterns of (A) dimyristoylphosphatidylcholine (DMPC) and
(B) dimyristoylphosphatidylethanolamine (DMPE) in water and usnic acid (UA); (SA)
small-angle and (WA) wide-angle reﬂections.(indicated as SA and WA in the ﬁgure, respectively) which with 2 mM
UA the 4.2 Å wide-angle reﬂection practically disappeared. From these
results it can be concluded thatUAproduced a signiﬁcant structural per-
turbation of DMPC bilayers in the 0.5–2 mM range of concentrations.
However, increasing UA concentrations induced a reordering of DMPC
bilayers indicated by the resulting increase of the reﬂections intensities,
which with 5 mMUA showed the same X-ray pattern of control. Fig. 2B
shows the results of the X-ray diffraction analysis of DMPE bilayers in-
cubatedwithwater andUA. As reported elsewhere,water did not signif-
icantly affect the bilayer structure of DMPE [25]. Fig. 2B shows thatUA in
the 0.5–5 mM range caused a signiﬁcant and gradual weakening of
DMPE reﬂection intensities.
Fig. 3 presents the protective capacity of UA on the oxidative proper-
ty of HClO in DMPC andDMPEbilayers. Fig. 3A shows that from 3mMto
5 mM HClO concentration there was an increasing perturbation of
DMPC bilayer structure. However, as it can be appreciated in Fig. 3C,
in the 2 to 4 mM concentration UA neutralized the deleterious effect
of 5 mM HClO; however, 5 mM HClO in the presence of 5 mM UA in-
duced a structural perturbation of DMPC bilayers. The same experi-
ments performed in DMPE showed that while 5 mM HClO induced a
deep perturbation to DMPE bilayer structure (Fig. 3B), this effect was
completely neutralized by 3 mM UA (Fig. 3D).Fig. 3. X-ray diffraction patterns of (A) dimyristoylphosphatidylcholine (DMPC) in water
and HClO; (B) dimyristoylphosphatidylcholine (DMPC) in water, usnic acid (UA)
and HClO; (C) dimyristoylphosphatidylethanolamine (DMPE) in water, and HClO;
(D) dimyristoylphosphatidylethanolamine (DMPE) in water, UA and HClO; (SA) small-
angle and (WA) wide-angle reﬂections.
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liposomes
The representative high-sensitivity DSC heating thermograms ob-
tained for pure DMPC multibilayer vesicles and binary mixtures of
DMPC and UA at 0.1 to 5 mM content are shown in Fig. 4A. In the ther-
mal range of 0–30 °C, fully hydratedDMPC bilayers in the absence of any
additives, underwent a strong and sharp main-transition at 23.83 °C,
with an enthalpy change (ΔH) of 21.54 kJ mol−1, which corresponded
to the conversion of the rippled gel phase (Pβ′) to the lamellar liquid-
crystal Lβ′ phase. At 14.71 °C with a ΔH of 2.86 kJ mol−1 occurred the
smaller transition (Lβ′→ Pβ′ phase transition), so called pretransition.
Here, the transition temperatures correspond to the transition peak at
the maximal peak heat, and the transition enthalpies correspond to
the integrated area under the peak divided by the lipid concentration.
The results for the thermodynamic data of the pure DMPC are in agree-
mentwith previous reports (for reviews see references [26,27]). The set
of parameters determined on the basis of heating and cooling scans ob-
tained for DMPC/UA mixtures is given in Table 1. Considering DMPC
proﬁle changes upon incorporation of UA, one should give weight to
the pretransition, which was lost for such a low amount as 0.5 mM
during heating and not observed at 0.1 mM during cooling. This mayFig. 4. (A) Representative DSC curves obtained formultilamellarDMPC liposomes contain-
ing usnic acid (UA) in the concentration range of 0 to 5 mM. Scans were obtained at a
heating rate of 1 °C min−1; (B) Plot of pretransition and main phase transition tempera-
tures of DMPC multilamellar liposomes determined for heating and cooling scans as a
function of UA content.suggest much stronger interactions between UA molecules (or their
moiety) with polar headgroup region. Although the temperature
of main phase transition was not signiﬁcantly affected by the presence
of UA and not concentration dependent (ΔT = ~0.7) for 0.5, 1, and
5 mM (see Fig. 4B), the peaks are gradually lowered and broadened.
As a whole, it may imply that UA molecules were located in close
vicinity of the lipid bilayer surface in such a way that they could distort
melting of DMPC fatty acid chains only to some extent. Illustrated in
Fig. 5 are representative high-sensitive DSC heating thermograms ob-
tained for DMPE and DMPE liposomes containing UA. In the thermal
range of 30–70 °C, the pure DMPE bilayers exhibited a strong and
sharp main-transition at 50.64 °C, with an enthalpy change (ΔH) of
28.15 kJ mol−1, arising from the conversion of gel to liquid-crystal
phase. The transitionwas reversible and the shape of the peak is roughly
symmetrical. Table 2 present values of thermodynamical parameters
determined for DMPE/usnic acid mixtures, of which those for pure
DMPE are concurrentwith the literature data [28]. The calorimetric pro-
ﬁles obtained for DMPEwere distorted by the presence of UA, especially
in terms of peak height and width. The shift in temperature of phase
transition towards lower values was observed; however, it was not re-
ally pronounced (less than 1 °C for heating and a bit more than 2 °C
for cooling) even at such a high UA content as 1mM (see Fig. 5B). Addi-
tionally, in the case of the samplewith 2mMUA it could be observed an
appearance of the low temperature shoulder, which was undergoing a
shift towards lower temperatures under successive heating scans as
indicated in Fig. 6.
3.3. Scanning electron microscopy (SEM) studies of human erythrocytes
The effects of the interaction of UA with human erythrocytes were
in vitro evaluated by SEM. The resulting micrographs (Fig. 7) show
that the UA induced changes in the morphology of the red blood cells.
The normal resting shape of the human red blood cell is a ﬂat biconcave
disc (discocyte) ~8 μm diameter which can be observed in Fig. 7A, cor-
responding to the erythrocytes incubated with PBS (pH 7.4) (control).
On the other hand, morphological analysis of the results revealed
that UA changed the normal shape of the red blood cells in a dose-
dependent manner. Fig. 7B (10 μM) clearly shows that discocytes
underwent a partial transformation into echinocytes (erythrocytes
with crenated shapes), and knizocytes (cells with two or three concav-
ities due to indentations in the cell membrane), and 1 mMUA (Fig. 7C)
increased the number of echinocytes. Figs. 8 and 9 present the protec-
tive capacity of UA on the oxidative property of HClO in human erythro-
cytes. Fig. 8B shows that 0.5 mM HClO induced the formation of
stomatocytes (cup-shaped cells), which considerably increased with
1.25 mM HClO (Fig. 8C). However, as it can be appreciated in Fig. 9,
the shape alteration induced byHClOwas reversed in samples previous-
ly incubated with UA. In fact, cells incubated with 2.5 μM UA and
1.25 mM HClO still show a large number of stomatocytes (Fig. 9C), but
it can also be seen a fewnormal cells (shownby arrows),whosenumber
increased when UA concentration was 7.5 μM (Fig. 9D). These results
demonstrate the protective effect of UA in very low concentrations
against the shape perturbing effect of HClO upon human erythrocytes.
3.4. Defocusing microscopy (DM) studies of human erythrocytes
Red blood cells were observed and analyzed with wide ﬁeld optical
microscopy. The effect of UA on red blood cells was visualized and ana-
lyzed using defocusing microscopy (DM) technique. The goal was to
characterize the morphological changes of the cells when the concen-
tration of UA was increased in the solution. Fig. 10 shows the effects of
UA in RBC morphology at μM concentrations. This compound induced
changes from the normal discoid erythrocyte shape into an echinocyte
one, as observed in the 3D reconstruction (Fig. 10B). At low concentra-
tion of UA (2 μM) cells have the samemorphology than the control cells,
and at 100 μM all the erythrocytes were transformed into echinocytes
Table 1
Thermodynamic parameters of the pretransition andmain phase transition of pure, fully hydrated DMPCmultilamellar liposomes andDMPC/usnic acidmixtures determined fromheating
and cooling scans collected at a heating (cooling) rate of 1 °C min−1. The accuracy for the main phase transition temperature and enthalpy was ±0.01 °C and ±0.8 kJ/mol, respectively.
Compound Pretransition heating Main transition heating Pretransition cooling Main transition cooling
Conc
[mM]
ΔH
[kJ/mol]
ΔS
[J/mol K]
Tm
[°C]
ΔH
[kJ/mol]
ΔS
[J/mol K]
Tm
[°C]
ΔH
[kJ/mol K]
ΔS
[J/mol K]
Tm
[°C]
ΔH
[kJ/mol]
ΔS
[J/mol K]
Tm
[°C]
DMPC
1.0 2.86 0.99 14.71 21.54 7.25 23.83 1.30 0.46 9.04 20.34 6.87 23.06
+ usnic acid
0.1 2.08 0.77 11.62 27.30 9.20 23.62 – – – 25.44 8.61 22.48
0.5 – – – 21.24 7.17 23.11 – – – 20.93 7.09 22.03
1.0 – – – 20.51 6.92 23.14 – – – 18.62 6.31 22.10
5.0 – – – 21.10 7.12 23.18 – – – 17.32 5.87 22.00
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against HClO, a solution of RBC incubated previously with 2 μM UA
was prepared. Then, the concentration of HClO was increased until
stomatocytes were formed. Fig. 11 shows the protective effect of usnic
acid against HClO (Fig. 11A). 3D reconstruction (Fig. 11B) demonstrated
the protective effect of UA against the shape perturbing effect of HClO
upon human erythrocytes at 79.5 μM. It is important to note that 2 μM
UA did not induce morphological changes to the cell (Fig. 10B).Fig. 5. (A) Representative DSC curves obtained formultilamellar DMPE liposomes contain-
ing usnic acid (UA) in the concentration range of 0 to 1 mM. Scans were obtained at a
heating rate of 1 °C min−1; (B) Plot of main phase transition temperature of DMPE
multilamellar liposomes determined for heating and cooling scans as a function of UA
content.3.5. Hemolysis assays
Increasing concentrations of UA in the 5–17.5 μM range did not sig-
niﬁcantly increased the % of hemolysis (Fig. 12). However, the same
range of concentrations gradually reduced the hemolytic effect of
1.25 mM HClO, which reached a value of 21% with 12.5 μM UA.4. Discussion
With a broad spectrum of antimicrobial, anti-inﬂammatory and an-
ticancer activities, usnic acid as a natural compound produced by sever-
al lichen species should be of great medical and biotechnological
interest. However, despite its potential medical applications, its hepato-
toxicity in mammals might prevent its use as a drug [29]. To overcome
the toxicity of usnic acid, lipid-associated drug formulations that control
drug delivery and release could be used. Among them, liposomes with
their composition resembling the biologicalmembranesmay be consid-
ered as good candidates for an alternative biomaterial to be used for the
encapsulation [30]. Therefore, studies on usnic acid–biomembrane
interaction are prerequisite to understand its biological action.
In the present study, the interaction and antioxidant property of
usnic acid (UA) were evaluated on human erythrocytes and molecular
models of its membrane. The latter consisted in DMPC and DMPE bilay-
ers, classes of lipids preferentially located in the outer and inner mono-
layers of the human erythrocyte membrane, respectively [7,8]. Herein,
the thermodynamics of UA interactionwith lipidmodel systemswas in-
vestigated in terms of induced perturbation of the lipid phase transition
using differential scanning calorimetry, whereas the structural changes
accompanying interactions between lipids and usnic were monitored
by X-ray diffraction. Results by X-ray diffraction on the interaction of
UAwithDMPCbilayers in the gel phase showed that 2mMUAproduced
a signiﬁcant structural perturbation of the lipid bilayer in both the acyl
and polar head regions of DMPC; however, increasing UA concentra-
tions reversed this effect. Similar effects were observed in DMPE asTable 2
Thermodynamic parameters of the phase transition of pure, fully hydrated DMPE
multilamellar liposomes and DMPE/usnic acid mixtures determined from heating and
cooling scans collected at a heating (cooling) rate of 1 °Cmin−1. The accuracy for themain
phase transition temperature and enthalpy was ±0.01 °C and ±0.8 kJ/mol, respectively.
Compound Heating Cooling
Conc
[mM]
ΔH
[kJ/mol]
ΔS
[J/mol K]
Tm
[°C]
ΔH
[kJ/mol]
ΔS
[J/mol K]
Tm
[°C]
DMPE
1.00 28.15 8.70 50.64 22.35 6.93 49.33
+ usnic acid
0.05 20.26 6.26 50.26 21.12 6.57 48.40
0.10 17.66 5.46 50.13 18.56 5.80 47.03
0.50 17.56 5.44 49.68 17.42 5.44 46.89
1.00 19.53 6.05 49.58 19.39 6.06 46.96
Fig. 6. Representative DSC curves obtained for multilamellar DMPE liposomes and those
containing 2 mM usnic acid (UA) at successive heating scans. Scans were obtained at a
heating rate of 1 °C min−1.
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with increasing UA concentrations. DMPC and DMPE differ only in
their terminal amino groups, these being +N(CH3)3 in DMPC and
+NH3 in DMPE. Moreover, both molecular conformations are very sim-
ilar in their dry crystalline phases with the hydrocarbon chains mostly
parallel and extended and the polar groups lying perpendicularly to
them [25]. However, DMPE molecules pack tighter than those of
DMPC. This effect, due to DMPE smaller polar groups and higher effec-
tive charge, stands for a very stablemultibilayer systemwhich is not sig-
niﬁcantly affected by water [25]. Therefore, it is somewhat surprising
that despite the strong hydrogen bond network and electrostatic inter-
actions of DMPE bilayers UA was able to interact and perturb its struc-
ture. On the other hand, the hydration of DMPC results in water ﬁlling
the highly polar interbilayer spaces with the resulting width increase
[31,32]. This phenomenon might allow the incorporation of UA into
DMPC bilayers and thus inducing the consequent structural perturba-
tion (for further details regarding PC and PE fully hydrated gel phases,
see ref. [33,34]).
DSC is a very sensitive method to investigate the alteration induced
in the bilayer packing by guest substances. Generally, the pretransition
of phosphatidylcholines is much more affected than the main phase
transition and thus the ﬁrst is considered as an indicator of the presence
and level of foreign compounds in the lipid bilayer. In linewith this rea-
soning, it was observed the distortion of pretransition for DMPC lipo-
somes with 0.1 mM UA, and its disappearance at the content of
0.5 mM. Based on the DSC data, the pretransition has been associated
with conformational rearrangement of the head group region of the
lipid molecule [32,35,36]. On the other hand, ﬂuorescence [37] and
NMR [38,39] studies indicated that the pretransition had a signiﬁcant ef-
fect on the arrangement of the acyl chains. Nadvorny and co-workersFig. 7. Effects of usnic acid (UA) on the morphology of human erythrocytes. SEM image[40] characterized the interaction of UA with DPPC and DOPC by
means of molecular dynamics simulations, and revealed that the UA
molecules are distributed on the polar–nonpolar membrane interface.
Moreover, the density proﬁles showed a correspondence in the distri-
bution of UA and the phosphate groups of the lipids. Such location of
the UA molecules corroborates well with our ﬁndings that in contrast
to pretransition main phase transition of DMPC is altered only slightly
in the presence of this compound. However, the lowering of Tm and
by far an increase in peak width suggest that the chain melting is also
affected by the presence of the UA molecules and consequently it can
be hypothesized that they penetrate to some extent into this bilayer re-
gion. The assumption that UAmolecules interact with the hydrocarbon
lipid chains is in agreement with the X-ray results and those of
Campanella and co-workers [41]; they applied spin–lattice relaxation
1H NMR techniques to establish the importance of apolar interactions
(associated to the “hydrophobic forces”) when UA molecules became
entrapped in the interior of phospholipid bilayers. Worth noting is the
fact that the distortion of DMPC main phase transition is not
concentration-dependent. In the case of UA content higher than
0.5 mM, no further Tm shift and changes in the peak width were ob-
served indicating the maximum incorporation, i.e., bilayer saturation.
In accordance with our ﬁndings, based on the calculated values of the
free energy of mixing Andrade and co-workers noted that the DPPC/
UA system had the best mixed character at low pressure and when
the molar fraction of the UA was 0.5 [42]. Additionally, they proved a
better interaction between UA and DOPC molecules due to the unsatu-
rated nature of the lipid chain, which ensures a higher ﬂuidity of the
lipid matrix.
The thermal behavior of DMPE/UA liposomes considerably differs
from that observed in the DMPC/UA ones since even at very low
DMPE/UA ratio the transition peaks were signiﬁcantly lowered and
broaden. Additionally, DSC peak observed in the presence of UA at con-
centrations reaching 2mMdeveloped to a separate peak, which initially
appeared at 49.68 °C, andwas gradually shifted to 49.02 °C and 48.68 °C
upon the consecutive heating scans. The two peaks in the DSC diagram
indicate phase transition processes that can be attributed to two forms
of DMPE/UA aggregates. Consequently, the ‘solution-like’ model,
which agreeswell with experimental data [43] formany lipophilic com-
pounds fails for DMPE liposomes in the presence of UA molecules. In
this model, it is assumed that during the melting, foreign substances
are statistically distributed between the gel and liquid crystal phase
and both the decrease in the phase transition temperature and the si-
multaneous increase in half width of the transition peak are linearly re-
lated to the concentration of guest molecules. On the contrary, it seems
that DMPE/UA system could be described as a mixture of ‘phase II’ do-
mains inserted within a structure of smaller and further ramiﬁed
‘phase I’ clusters consistingmainly of lipidmolecules. This may be relat-
ed to the ability of UA to form hydrogen bonds. Nadvorny [40] showed
that the number of hydrogen bonds of UA with itself in its ionic form is
higher compared to its neutral counterpart. Since it has been postulated
that in physiological environment UA can assume its usniate form
through a deprotonation at 3-OH, one can speculate that in the case of
PE the increase in the number of UA–UA hydrogen bonds comes at thes of (A) untreated erythrocytes; incubated with: (B) 10 μM UA, and (C) 1 mM UA.
Fig. 8. Effect of HClO on the morphology of human erythrocytes. SEM images of (A) untreated erythrocytes; incubated with: (B) 0.5 mM HClO, and (C) 1.25 mM HClO.
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phate groups resulting in the observed phase separation.
SEM and DM observations showed that UA induced morphological
alterations to red cells from their normal discoid shape to echinocytes.
These alterations were attained with usnic acid μM concentrations,
lower than themMconcentrations usedwithDMPC andDMPE. This dif-
ference can be explained by the erythrocyte membrane higher ﬂuidity.
According to the bilayer couple hypothesis [44,45] shape changes
induced in erythrocytes by foreign molecules are due to differential ex-
pansion of the two monolayers of the red cell membrane. Thus,
stomatocytes are formed when the compound inserts into the inner
monolayer whereas spiculate-shaped echinocytes are produced when
it locates into the outer moiety. The ﬁnding that UA induced the forma-
tion of echinocytes, whose number increased with higher UA concen-
tration, indicates that it was inserted in the outer leaﬂet of the
erythrocyte membrane. It should be considered that an alteration of
the normal biconcave shape of erythrocytes increases their resistance
to entry into blood capillaries, which could contribute to a decreased
blood ﬂow, loss of oxygen, and tissue damage through microvascularFig. 9. Protective effects of usnic acid (UA) on the morphology of human erythrocytes. SEM ima
1.25 mM HClO; (D) 7.5 μM UA and 1.25 mM HClO.occlusion [46,47]. Functions of ion channels, receptors and enzymes
immersed in cell membrane lipid moieties also might be affected.
The antioxidant capacity of UA was assayed on DMPC and DMPE bi-
layers, as well as on human erythrocytes exposed to HClO-induced oxi-
dative stress. HClO is an extremely toxic biological oxidant generated by
neutrophils andmonocytes, and it is considered one of themost impor-
tant factors causing tissue injuries in inﬂammation [48]. It is directly
toxic to bacteria, endothelial cells, tumor cells and red cells. However,
because it readily reactswith a range of biological targets it has been dif-
ﬁcult to identify which reactions are critical for its cytotoxic effects [49].
Human erythrocytes are a reliable and easily obtainablemodel to detect
oxidative stress [50]. Their simple internal structure depleted of nucleus
and organelles provides an ideal system for this type of study. One
major consequence of their exposure to HClO is lysis; although the
exact mechanism is not clear, the cell membrane is considered the pri-
mary site for reaction. In fact, several studies have demonstrated that
HClO treatment of erythrocyte membrane results in inhibition of Na+,
K+-, and Mg2+-ATPase activities, oxidation of SH− groups, tryptophan
residues, chloramine formation, changes of membrane ﬂuidity andges of (A) untreated erythrocytes; incubated with: (B) 1.25 mMHClO; (C) 2.5 μMUA and
Fig. 10.DMobservations of A) Population distribution of human erythrocyteswith different concentrations of usnic acid (UA), and B) 3D reconstructionmap of the thickness proﬁle of red
blood cells against 0 (control), 2 μM and 100 μM of usnic acid concentration.
Fig. 11.DMobservations of A) protective effect of usnic acid against human red blood cells exposed to HClO, and B) 3D reconstructionmap of the thickness proﬁle of the control RBC, at 79,
5 μM of HClO and with 79, 5 μM of HClO + 2 μM of usnic acid.
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Fig. 12. Percentage of hemolysis of red blood cells (RBCs) incubated with 1.25 mM HClO
and different concentrations of usnic acid (UA).
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that precede cell lysis [48,49,51]. As shown in Fig. 3A and B, HClO
perturbs to different extents the structures of DMPC and DMPE bilayers,
being this effect higher inDMPE. Since both lipids possess the same fully
saturated acyl chains of 14 methylene groups, the explanation for the
dissimilar HClO effect must be related to the structural differences in
their head group regions. In the case of DMPE, the adjacent molecules
and bilayers are attached by a network of electrostatic interactions
and H-bonds between the amino (H-donating) and phosphate (H-
accepting) groups resulting in a very stable ﬂat gel phase. HClO polar
molecules (pK 7.53) would disrupt the H-bond net that keep together
DMPE molecules by being intercalated between the negatively charged
phosphates and positively charged amino groups. On the other hand
DMPC head group, which instead of hydrogen is provided with a
bulky methyl group, and with the presence of considerable amounts
of water between the bilayers make the interbilayer interactions rather
small. In this case, HClO molecules would remain mainly in the
interbilayer water layers inducing perturbing effects at high concentra-
tions by disruption of the intermolecular attractions in DMPC bilayer. In
conclusion, UA molecules locate in the outer monolayer of the human
erythrocyte membrane, interacting with the polar head groups and to
some extent also with fatty acid chain region of the lipid bilayer. Thus,
it would act as an antioxidant by blocking access of oxidants into cell
membranes.
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